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Spatial and bodily representations are
multisensory processes that imply the inte-
gration of several afferent signals into a
coherent internal model of our egocen-
tric space. Crucially, this model involves
also the vestibular information from the
balance organs in the inner ear (Ventre
et al., 1984). Accordingly, vestibular sys-
tem projections have been proven to over-
lap with the somatosensory system and
with brain regions involved in body and
space representation (Bottini et al., 1994,
1995; Fasold et al., 2002). These represen-
tations can be altered by a brain lesion
and dramatically restored by physiological
manipulations targeting specific sensory
components, such as the caloric vestibular
stimulation (CVS; see for a review Rossetti
and Rode, 2002). CVS consists in a water
irrigation of the external auditory canal,
which induces a change in the temper-
ature that leads to convection currents
in the semicircular canals. This evokes a
slow-phase nystagmus toward the stimu-
lated ear and it elicits sensations of virtual
body rotations and vertigo (Bárány, 1906;
Silberpfennig, 1941; Bárány, 1967).
CVS has been used to modulate a
wide range of cognitive and sensory func-
tions in brain-damaged patients and in
healthy participants (Utz et al., 2011).
For instance, in right brain-damaged
patients, CVS produces a temporary
recovery of visuo-spatial neglect and
associated symptoms, such as representa-
tional and personal neglect, anosognosia,
somatoparaphrenia and motor neglect
(see reviews in Rossetti and Rode, 2002;
Kerkhoff and Schenk, 2012). Additionally,
CVS also influences tactile perception:
cold CVS delivered on the left ear
transiently reduces tactile imperception
(hemianesthesia) in both right and left
brain-damaged patients (Vallar et al.,
1990, 1993; Bottini et al., 2005). By con-
trast, the reversed stimulation (i.e., right
ear cold CVS) is ineffective in left brain-
damaged patients with the interesting
exception of left brain-damaged patients
with right visuo-spatial neglect (Vallar
et al., 1993). More recently, similar cross-
modal modulations have been described
in healthy participants (Ferrè et al., 2010,
2011, 2012, 2013).
Various hypotheses have been sug-
gested to explain the CVS-induced mod-
ulation on tactile perception. In particular,
one of the most controversial issues in the
classical and current literature concerns
the specificity of these effects. Does CVS
directly affect the somatosensory process-
ing? Are the observed effects mediated by
non-specific factors, such as ocular move-
ments, spatial attention or general arousal?
Since Rubens (1985), most of the sci-
entists believed that positive (e.g., deficits
reduction) or negative (e.g., deficits wors-
ening) effects of CVS on spatial deficits
in neurological patients can be explained
by low-level visuo-vestibular interactions
reflecting the direction of the nystag-
mus (Rubens, 1985). When a leftward
nystagmus is present, for instance dur-
ing left-cold CVS or right-warm CVS,
there is a positive effect. Conversely, with
a rightward nystagmus (left-warm CVS
and right-cold CVS) a deficits worsen-
ing is observed (Rubens, 1985; Vallar
et al., 1990). However, this traditional
explanation has been challenged by sev-
eral clinical reports which highlighted
an effective CVS-induced modulation on
deficits that do not require visual con-
trol such as personal neglect (Cappa et al.,
1987), anosognosia and somatoparaphre-
nia (Cappa et al., 1987; Bisiach et al., 1991;
Rode et al., 1992). Similarly, the remission
of hemianesthesia in blind-folded patients
(Vallar et al., 1990) rules out this low-level
interpretation.
Conversely, the role of non-specific
effects such as spatial attention is still a
matter of debate. This hypothesis argues
that CVS may induce a reorientation of
spatial attention toward the hemispace
ipsilateral to the stimulated ear. Strong evi-
dence against this hypothesis derives from
a recent study on brain-damaged patients
(Bottini et al., 2005) demonstrating that
left-cold CVS also ameliorates right hemi-
anesthesia in left brain-damaged patients
(i.e., CVS at same water temperature, same
stimulated ear and same leftwards slow-
phase nystagmus), independently from
the side of stimulation. These behavioral
observations have been combined with
neuroimaging data to identify the neuro-
functional basis of CVS effects on touch
perception in a group of normal par-
ticipants and in one left brain-damaged
patient. In this patient, we found that
the remission of right hemianesthesia after
cold-left CVS was associated with neural
activity in the secondary somatosensory
cortex (SII) of the undamaged hemi-
sphere. The same region was bilaterally
activated in healthy volunteers while they
were touched on their right and left hand.
Interestingly, the activation of SII for ipsi-
lateral stimuli was of a greater extent in the
right than in the left hemisphere in case of
left tactile stimulation. These observations
have been interpreted as a modulation that
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did not depend on a lower-level lateral
cueing effect, but rather on the activa-
tion of the hemisphere that contains a
more complete representation of the tac-
tile and body space, the right hemisphere
(Bottini et al., 2005). The involvement of
SII clearly indicates an overlap between
tactile and vestibular projections in the
human brain (case RF; Bottini et al., 1995),
and it makes explanations in terms of pure
spatial effects improbable.
More recent behavioral and electro-
physiological studies, in healthy partici-
pants, have strengthened this suggestion.
There are at least three main crucial obser-
vations ruling out interpretation in terms
of non-specific attentional effects. First,
left-cold CVS affects the perception of dis-
tinct somatosensory sub-modalities, i.e.,
touch and pain, for both the ipsilateral
and contralateral hand (Ferrè et al., 2011,
2013). A simple change in the level of spa-
tial attention would have induced a pre-
dominant effect on the hand ipsilateral to
the stimulated ear. Second, CVS differen-
tially affects touch and pain. Indeed, while
CVS increased sensitivity to tactile stim-
uli, it reduced levels of pain (Ferrè et al.,
2013). These further observations cannot
be attributed merely to a spatial attention
orientation effect, as in this case we would
expect the same modulatory effect in both
sub-modalities. Finally, CVS enhanced the
N80 wave of the somatosensory-evoked
potentials (SEPs) elicited by electrical
stimulation of tactile afferents (Ferrè et al.,
2012). Interestingly, the N80 wave is gener-
ated in the parietal operculum (Jung et al.,
2009; Eickhoff et al., 2010), a region receiv-
ing strong vestibular projections. Taken
together, clinical observations and psy-
chophysical studies give support to the
notion of powerful cross-modal interac-
tions between vestibular and somatosen-
sory systems.
Previous studies exploring more widely
CVS effects also support the idea that spa-
tial attention does not have a pivotal role.
Rorden et al. (2001) did not find an effect
of left-cold CVS on covert visual atten-
tion in healthy subjects. Furthermore,
cold-water bilateral CVS (simultane-
ous stimulations of the right and left
ear) was ineffective on visual neglect in
brain-damaged patients, suggesting that
CVS might improve neglect through a
vestibular-induced specific effect (Rode
et al., 2002). Moreover, it has been sug-
gested that CVS can also modify the
internal representation of the body (see
for an extensive review Lopez et al.,
2008). These well documented effects have
been explained by the anatomical over-
lap and interactions of vestibular cortex
and somatosensory networks subserving
elementary and more structured percep-
tions concerning the body representation
(Lopez et al., 2008, 2012).
To conclude, this evidence suggests that
in healthy volunteers the effects of CVS
are specific and related to the activation of
cortico-subcortical networks (Lopez et al.,
2012) involved in cross-modal interactions
between somatosensory and vestibular sig-
nals. We propose that future studies are
necessary to extend these findings in neu-
rological patients to better detail the neu-
rophysiological interaction between the
somatosensory and the vestibular systems.
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